An extensive electrophoretic survey of enzyme and protein markers was conducted for a haplodiploid eusocial insect, the red imported fire ant (Solenopsis invicta), and for a diploid communal insect, the eastern tent caterpillar (Malacosoma americanurn). This survey resulted in the discovery of 110 electrophoretic loci for S. invicta (15 of which were polymorphic at the 95 per cent level) and 37 electrophoretic loci for M. americanum (seven polymorphic). Expected heterozygosities (mean Hexp S.E.) were 0.05 1 0.013 and 0.092 0.030 for S. invicta and M.
Introduction
Eusocial Hymenoptera generally display lower levels of genetic variation at enzyme-encoding loci than other insects (Snyder, 1974; Metcalf et al., 1975; Pamilo et a!., 1978) . Various explanations for the paucity of genetic variation in these insects have been proposed.
Those that focus upon the intrinsic properties of haplodiploidy include increased selection due to hemizygous expression of deleterious recessive alleles in males, increased genetic drift due to the reduced effective population sizes associated with male haploidy, and reduced recombination rates (Crozier, 1970; Pamilo & Crozier, 1981) . Other explanations focus on the population-level consequences of eusociality. These include the possibilities that buffered environmental conditions in the colony reduce any fitness benefits from overdominance (Synder, 1974) , that the mating systems of eusocial Hymenoptera lower gene diversity through inbreeding (Berkeihamer, 1983) , or that low effective population sizes stemming from the presence of non-reproductive castes enhance the role of drift (Graur, 1985) .
Genetic studies of eusocial Hymenoptera have proved to be difficult to undertake as a result of this 573 lack of abundant protein polymorphism (Packer & Owen, 1992 ). Yet, included among the eusocial Hymenoptera are the most appropriate species for addressing certain population genetics problems, such as the importance of family structure in determining the distribution of genetic variation and the potential role of kin selection in social evolution (Hamilton, 1964; Michod, 1982; Wade, 1985; Ross & Carpenter, 1991; Packer & Owen, 1992) . Thus, an important task for social insect researchers is to develop techniques to circumvent the problem of low gene diversity in these insects. In this paper we describe an electrophoretic study in which we have substantially increased the number of available polymorphic protein markers in the red imported fire ant (Solenopsis invicta) by employing a large number of stains, systematically varying experimental conditions, and using different life stages and castes as source material. The unprecedented number of markers that we are now able to survey in this eusocial species allows us to address two important questions. First, does increasing the number of loci studied by over fourfold from the number previously available appreciably affect the estimate of heterozygosity for this species? This question is of interest because most estimates of heterozygosity are based on relatively few loci, yet theoretical studies show that estimates based on large numbers of loci most accurately reflect genomic variation (Nei, 1978; Mitton & Pierce, 1980; Chakraborty, 1981) . Second, is the estimate based on this larger set of loci representative of the low estimates of heterozygosity for other eusocial Hymenoptera, these other estimates typically having been generated using far smaller numbers of loci from single life stages of single castes? To provide additional insight into this latter problem, we also present an estimate of heterozygosity for a non-eusocial (though communal) diploid insect, the eastern tent caterpillar (Malacosoma americanum), based on data generated using a protocol identical to that used for the fire ants. In comparing estimates between the two species we can rule out the effects of between-laboratory variation in methodologies, so that any observed differences in gene diversity are most reasonably attributed to real biological differences between the species (Simon & Archie, 1985) .
Materials and methods

Sample collections
Sixty queenright monogyne fire ant colonies were collected from a wide geographical area encompassing north-east Georgia, U.S.A. This sampling protocol was designed to ensure adequate representation of the genetic diversity present within S. invicta in North America (see Ross et a!., 1987) . The ants were returned to the laboratory in five-gallon buckets and were removed from the soil by flooding (Jouvenaz et a!., 1977) and transferred to artificial nests in plastic trays. Colonies were maintained in the laboratory in these nests and fed an artificial diet supplemented with crickets (Banks eta!., 1981; .
Overwintering egg masses of eastern tent caterpillars were collected from an area in north-east Georgia comparable in size to that from which the fire ants were collected. Egg masses were maintained in the laboratory at 5°C and 80 per cent RH until eclosion (Bucher, 1959) . Colonies were allowed to eclose in Petri dishes and reared in isolation on fresh leaves of their favoured host tree, black cherry (Prunus serotina).
Electrophoretic techniques
We reviewed the literature to obtain a large number of staining recipes that did not involve the use of unduly expensive chemicals (references in Appendix 1). A total of 95 stains were employed to survey enzyme or protein activity in both species. Both the worker and queen castes (females) were used as source material for protein extraction in the fire ants. The worker caste was surveyed using fourth instar larvae, pupae, and adults, whereas only pupae and adults of the queen caste were surveyed (female reproductives cannot be distinguished from males until the pupal stage). The use of different life stages of fire ants was important because previous studies of social Hymenoptera have focused almost exclusively on adults, yet different patterns of isozyme expression in different life stages are common in holometabolous insects (e.g. Wagner & Selander, 1974; Berlocher, 1984; Singh & Rhomberg, 1987) . The thorax (mesosoma) and gaster of adults of both castes were used separately as source material because preliminary work in our laboratory revealed that this procedure yields superior resolutiou of staining bands for many of the markers. For the eastern tent caterpillar, the entire soma of third or fourth instar larval individuals of either sex was used as the source material for protein extraction. Pupae and adults of this species were not included in this study because of the difficulty in securing large, geographically representative sample sizes comparable to those of the larvae. Electrophoresis was conducted on horizontal gels of 14 per cent starch Ross eta!., 1987) . For the fire ants, four individuals from each caste and life stage described above were initially surveyed using each stain recipe and four different buffer systems (see Appendix 1 and Ross et a!., 1985 for references). All potential markers generated from this initial survey were further screened for consistency of expression and formation of discrete, well-resolved bands, as well as for the presence of variable banding patterns, using single individuals from each of 32 nests.
Only single individuals per nest were used in this second survey to maximize the probability of discovering polymorphisms; monogyne fire ant nests represent families of closely related individuals in which the genotypes are not independent .
Similar staining recipes were used on the same day to avoid redundancy in the scoring of the markers. Such redundancy can occur because related stains sometimes reveal the same enzyme product (Richardson et a!., 1986). Patterns of expression across the various life stages and castes were also informative with respect to redundancy of the markers. As a final check against repeated scoring of the same loci, banding patterns of S. invicta were compared to those of the congener S. richteri [and to those of several other congeners for a subset of 26 of the loci (Ross & Trager, 1990) ]. These comparisons were useful in assigning locus homologies across stains and for determining whether multiple bands produced by single stains were
the products of multiple loci. In spite of these precautions it is likely that some small proportion of the monomorphic loci described for S. invicta actually have been stained and scored more than once in this study.
Essentially the same survey protocols were used for the eastern tent caterpillars (except for the comparisons across life stages and species). As with the fire ants, only one individual per colony was scored for each locus during the survey for polymorphisms due to significant family structuring and the resulting nonindependence of genotypes from single colonies (Costa & Ross, 1992) .
Mendelian inheritance of putative polymorphic markers in both species was confirmed in two ways. First, family studies were conducted for all markers. Twenty to 50 individuals from each of 27-46 fire ant colonies were chosen at random and their genotypes determined at each polymorphic locus. Previous work has shown that monogyne fire ant colonies represent simple families, that is families in which all the offspring in a colony are the progeny of a single female mated to a single haploid male . Thus, only two types of genotypic distributions are expected for Mendelian markers in nestmate females: either one genotypic class of females is present or there are two classes present, at least one of which is the heterozygous class. If two genotypic classes are present these are expected to segregate in a 1:1 ratio. Genotypic ratios at each locus for each family with segregating genotypes were tested for deviations from this expected 1:1 ratio using the binomial test.
Colony genetic composition has not been studied previously in eastern tent caterpillars. Thirty to 100 individuals from each of 48 colonies were chosen at random and their genotypes at each polymorphic locus were identified. Genotypic ratios for each locus in each segregating colony were tested for deviation from the ratios expected under a simple family model, wherein all caterpillars in a colony are full siblings, using either the binomial test or chi-square test (depending on the number of genotypic classes present).
The second method of confirming Mendelian inheritance, employed for all polymorphic loci except two in S. invicta with null alleles, was to test for conformation of observed population genotypic frequencies to those expected under Hardy-Weinberg equilibrium. To estimate allele and genotypic frequencies for these tests a resampling procedure was used whereby single genotypes were drawn at random 50 times (with replacement) from each of the nests used in the family studies of S. invicta, and from 37 of the nests used in the family studies of M. americanum. Allele frequencies were then estimated as the means of the allele frequencies in the 50 resampled genotypic distributions. This procedure yields an unbiased estimate of population allele frequencies in strongly family-structured populations in which many individuals have been sampled per family (e.g. Crozier etal., 1987; Schwarz, 1988; Ross & Matthews, 1989) . The mean allele frequencies were used to estimate the frequencies of genotypes expected under Hardy-Weinberg equilibrium, and each of the 50 resampled genotypic distributions for each locus was then tested for concordance to these Hardy-Weinberg distributions using chi-square tests with Yates'; continuity correction (Weir, 1990) .
Expected heterozygosity (Hexp) or gene diversity for S. invicta and M. americanum was calculated from equation 8.4 of Nei (1987) using allele frequencies generated by the resampling procedure or, in the case of two loci in S. invicta, with null alleles, by the maximum likelihood procedure of Halliday (1979) , which is based on distributions of phenotypes within families. The variance of Hexp was estimated by jackknifing across the individual-locus heterozygosity values (hexp).
It was of interest to determine if the new Hexp values generated for these two species were comparable to values reported for other species in related groups. To this end, Hexp values for diploid non-eusocial insects, for Lepidoptera only, and for eusocial Hymenoptera were extracted from the literature. Mean Hexp values for these groups were estimated using only a single value per genus (the average of the reported values for congeneric species), thus avoiding giving undue weight to taxa in which several closely related species have been studied (Ridley, 1983 (Ridley, , 1989 Crespi, 1991) . Variances were generated by jackknifing across these singlegenus values. The jackknife variances were in all cases used to construct 95 per cent confidence intervals about the means by assuming the t-distribution.
Results
All electrophoretic loci revealed in this study of S.
invicta and M. americanum are listed in Appendices 1 and 2, respectively. A total of 110 putative loci were revealed for the fire ants, 15 of which were poiymorphic at the 95 per cent level (i.e. frequency of the most common allele <0.95; P 0.136). For the eastern tent caterpillar, we were able to visualize and confidently score the products of 37 putative loci, seven of which were polymorphic at the 95 per cent level (P = 0.189).
Mendelian inheritance was confirmed for all putative polymorphic markers. Family studies showed that colonies segregating for different genotypes exhibited genotypic ratios that conform to Mendelian expectations in nearly all cases. Only 3 per cent of the comparisons for S. invicta involved genotypic ratios that deviated significantly from 1:1 at the 5 per cent level. Furthermore, fewer than 5 per cent of the comparisons at any single polymorphic marker exhibited significant deviations. Similarly, less than 5 per cent of the genotypic distributions in segregating colonies of M americanum exhibited deviations from expected Mendelian ratios of the genotypes and, again, the few significant deviations observed were distributed across many markers. Finally, the identities of genotypic classes within families of both species were fully consistent with the expectations of Mendelian inheritance.
Further evidence of Mendelian inheritance of the putative polymorphic markers comes from comparisons of observed population genotypic distributions with those expected under Hardy-Weinberg equilibrium. For both species fewer than 5 per cent of the resampled genotypic distributions for each marker differed significantly from the expected distribution (a = 0.05). Thus, analyses of family structure and population genotypic frequencies both indicate that the polymorphic markers revealed in this study are the products of single Mendelian loci.
The expected heterozygosity (Hexp S.E.) for S. invicta, based on all 110 loci, is 0.051 0.013. This value is not significantly different from our previous estimate of Hexp for populations from Georgia and north Florida, U.S.A. (0.044 0.025), which was based on a subset of only 26 of these loci (Ross & Trager, 1990) . While Hexp of fire ants based on 110 loci falls just outside of the high end of the 95 per cent confidence interval for values reported for other eusocial Hymenoptera, this value is nonetheless well below the 95 per cent confidence interval for diploid non-euso-
t a) a. x w cial insects (Fig. 1) . The expected heterozygosity for M. americanum is 0.092 0.030. Although this value is significantly lower than previously reported values for other Lepidoptera, it is not significantly different from previous estimates obtained for diploid non-eusocial insects, although it is at the low end of the range of values (Fig. 1) . The 95 per cent confidence intervals about the values of Hexp for S. invicta and M. amencanum overlap considerably.
The observation that Hexp in fire ants, based on 110 loci, was very similar to the value based on a subset of only 26 loci led us to consider the statistical consequences of sampling variable numbers of loci (see also Nei & Roychoudhury, 1974; Archie, 1985) . To illustrate the effect of varying the number of loci sampled on the precision of heterozygosity estimates, a randomization procedure was employed to resample subsets of loci from the complete fire ant gene diversity dataset. A number (L ) of these loci was resampled 100 times and the range of Hexp values estimated from the resampled loci was identified (Fig. 2) . This resampling technique is relatively unbiased in that each iteration at each level of L is a random sample of loci (with each locus represented only once in a given iteration) and each level of L is independent of every other. The range in estimated Hexp values (and associated variance) decreases dramatically as one increases the number of loci sampled from 1 to 10, and thereafter decreases relatively gradually with subsequent increases in the number of loci (Fig. 2, left panel) . Thus, while an estimate of Hexp close to the assumed population value of Hexp for fire ants might be obtained by sampling even relatively small numbers of loci, reasonable certainty in this estimate is afforded only with larger numbers of (Graur, 1985; Packer & Owen, 1990 Crespi, 1991 sampled loci (ci. Gorman & Renzi, 1979; Singh & Rhomberg, 1987) . The precision of the fire ant Hexp estimates improves as the number of loci studied increases from 26 to 110, as expected (Nei & Roychoudhury, 1974) , but this improvement is only modest compared to that seen between, say, five and 15 loci. Thus, it is not surprising that our estimates of Hexp, based on 26 and 110 loci, are similar. It should be pointed out that the relationships shown in Fig. 2 for S. invicta are not general; the precise shape of the variance curve and progressive decrease in range of estimates is unique to the particular pattern of variation across loci in the fire ant dataset. This is evident from a comparison of the S. invicta graph with one generated for M. americanurn using the same resampling procedure (Fig. 2, right panel) .
Discussion
The eusocial Hymenoptera have long been reported to be depauperate in genetic variation at enzyme-encoding loci (Metcalf et a!., 1975; Pamilo et al., 1978) . Regardless of the intrinsic or extrinsic mechanisms underlying this lack of diversity, it is of interest to social insect researchers to circumvent the problem that it presents for studies that require polymorphic markers.
We have shown that several simple refinements of standard electrophoretic procedures, including the screening of a large number of enzymes and the use of sequential electrophoresis in which the buffer systems are varied, greatly increases the number of polymorphic markers we can study in fire ants (from three to 15 - Ross et a!., 1987; Ross & Trager, 1990) .
Perhaps the most important technique applied in this study, however, is the use of different life stages and castes as source material. Previous studies also have demonstrated differential expression of certain enzyme systems in different life stages of holometabolous insects (Wagner & Selander, 1974; Singh & Rhomberg, 1987) , so that inclusion of all life stages of these insects, when possible, can be expected to greatly increase the number of useful markers available.
The pattern of somewhat higher gene diversity in Solenopsis invicta, relative to other eusocial Hymenoptera, that was suggested by our earlier studies persists with the larger number of markers employed in this study. This implies that there may be real differences in gene diversity between this species and other eusocial Hymenoptera or, alternatively, that there is some favourable bias in our ability to uncover polymorphisms. Regardless of what accounts for this difference, it is important to note that the expected heterozygosity reported for fire ants still falls far short of that generally found in non-eusocial diploid insects. Hence, the generality of the phenomenon of low gene diversity in eusocial Hymenoptera compared to other insects receives further support from our data.
One reason for including a non-eusocial diploid insect in this study was to eliminate inter-laboratory variation as a source of the differences in Hexp between eusocial Hymenoptera and other insects in previous estimates (Simon & Archie, 1985; Packer & Owen, 1992) . Although the expected heterozygosities did not differ significantly between S. invicta and M. amencanum, the value of Hexp for the eastern tent caterpillars is representative of that for diploid insects, whereas Hexp for the fire ants is not. Furthermore, because Hexp is relatively low for both species, the associated high interlocus variance in hexp may make real biological differences difficult to discern (Archie, 1985) . The value of for M. americanum falls at the low end of the range of values previously reported for Lepidoptera, which may be due to a downward bias stemming from our stringent requirements for including loci in the analyses. Although a substantial proportion of the total potential markers found in these caterpillars displayed variable banding patterns, many of these were abandoned early in the study because this variation proved to be uninterpretable. The frequency with which this situation arises increases with an increase in the proportion of loci that are polymorphic, so that the downward bias in Hexp may be expected to be more significant in species with higher Hexp (e.g. M. americanum) than in species with lower Hexp (e.g. S. One confounding factor in our study is that S. invicta is an introduced species in the U.S.A. It is possible, therefore, that our study population does not exhibit gene diversity representative of native populations because of a recent population bottleneck. However, comparison of our data with those obtained by Ross & Trager (1990) In conclusion, this study provides the most comprehensive genetic data available for a single species of eusocial hymenopteran, and these data suggest that heterozygosity is lower in this ant than in typical noneusocial diploid insects. It will be of interest to determine if the phenomenon of low gene diversity in the eusocial Hymenoptera is confined to loci encoding soluble proteins (usually enzymes) or whether it is a genomic-wide phenomenon. With the advent of new molecular techniques, the answer to this question should be close at hand. 
